Abstract The study comprises the use of cyanobacterial mat (collected from tannery effluent site) to remove hexavalent chromium. This mat was consortium of cyanobacteria/blue-green algae such as Chlorella sp., Phormidium sp. and Oscillatoria sp. The adsorption experiments were carried out in batches using chromium concentrations 2-10, 15-30 and 300 ppm at pH 5.5-6.2. The adsorption started within 15 min; however, 96 % reduction in metal concentration was observed within 210 min. The adsorption phenomenon was confirmed by Fourier transform-infrared spectroscopy and energy dispersive X-ray analysis. This biosorption fitted Freundlich adsorption isotherm very well. It was observed that the best adsorption was at 4 ppm, and at 25 ppm in the chosen concentration ranges. Scanning electron micrograph showed the physiology of mat, indicating sites for metal uptake. The main focus was collection of the cyanobacterial mat from local environments and its chromium removal potential at pH 5.5-6.2.
Introduction
The discharge of chromium (VI) into aquatic ecosystems has become a matter of concern in all the tannery areas over the last few decades. This pollutant is introduced into the aquatic systems significantly from the chrome tanning effluents of leather processing units. In this process about 60-70 % of chromium reacts with the hides and about 30-40 % of chromium remains in the solid and liquid wastes (especially as spent tanning solutions). Chromium (VI) has been designated as the priority pollutant by United States Environment Protection Act (Srinath et al. 2002; Laxman and More 2002) .
Conventionally, chromium (VI) containing industrial effluent is treated by physico-chemical methods such as reduction, precipitation, ion exchange, reverse osmosis and electrodialysis. However, it has been observed that these processes are costly and unreliable (Camargo et al. 2005) .
Presently, biotechnological methods are becoming attractive alternatives to remove toxicants from effluents. The ability of some microorganisms especially cyanobacteria to tolerate and interact with metal/chromium ions makes them attractive substrate for environmental biotechnology (Cervantes et al. 2001) . Cyanobacteria-based bioremediation technologies have received recent attention as strategies to clean up contaminated soil and water. The microbial mats containing several microbial species are complex systems, but require few external inputs to be exploited for bioremediation. Several workers have shown the use of different biomaterials such as non-living bacteria, microalgae, fungi, seaweed and even agricultural byproducts, which can retain relatively high quantities of metal ions by passive sorption and/or by complexation mechanism.
It has been shown that the short-term uptake/accumulation of chromium (VI) by interactions with cyanobacteria, Anabaena variabilis and Synechococcus PCC 6301, using their ability to sequester chromium (Garnham and Green 1995) . Aksu and Balibek (2007) showed the biosorption of chromium (VI) by dried Rhizopus arrhizus and its effect on addition of salt (NaCl). demonstrated biosorption of chromium (VI) from aqueous solutions using free and immobilized biomass prepared from Lentinus sajor-caju and studied the kinetic characterization. Thus, fungal species are also efficient in removing chromium metal. Biosorption of the chromium ion chromium (VI) onto the cell surface of non-pathogenic species of Trichoderma fungal species in aerobic condition at pH 5.5 gave 97.39 % reduction (Vankar and Srivastava 2008) . also showed the utilization of native, heat and acid-treated microalgae Chlamydomonas reinhardtii for biosorption of chromium (VI) ions. Deepa et al. (2006) have shown the sorption of chromium (VI) from dilute solutions and wastewater by live and pretreated biomass of Aspergillus flavus. Similarly, Zhou et al. (2007) have demonstrated the kinetic and equilibrium studies of chromium (VI) biosorption by dead Bacillus licheniformis biomass.
In the present study, the work has been carried out using a cyanobacterial mat (collected from tannery effluent disposal site) to remove chromium (VI) from tannery effluent at relatively higher pH, i.e., 5.5-6.2. The consortium of bacteria present was Chlorella sp., Phormidium sp. and Oscillatoria sp. (cyanobacteria/blue-green algae). The main focus was hexavalent chromium removal potential of cyanobacterial mat collected from the local environment at relatively higher pH 5.5-6.2. This is the first report where chromium (VI) removal has been carried out at relatively higher pH so efficiently, although it is known that at low pH (0-2) the biosorption of chromium (VI) is more predominant than bioreduction of chromium (VI) to (III). On the other hand, at higher pH such as 3.0 and above, less of chromium (III) species were known to be produced due to the sharp decrease in both biosorption and bioreduction processes (Han et al. 2008) . Some researchers have reported that the optimal pH for total chromium biosorption was around 2-3. The optimal pH for Sphagnum-moss peat, leaf, mould and coconut-husk fiber were reported to be 1.5, 2.0, 2.05 and 2.0, respectively while 2-2.5 was the optimal pH reported for Sargassum (Kratochvil et al. 1998; Cabatingan et al. 2001) .
Seven exopolysaccharide-producing cyanobacteria were tested with regard to their capability to remove Cr(VI) from the wastewater of a plating industry. The cyanobacterium which showed, under lab conditions, the most promising features with regard to both Cr(VI) removal (about 12 mg of Cr(VI) removed per gram of dry biomass) and growth characteristics (highest growth rate and simplest culture medium) was Nostoc PCC7936 (Colica et al. 2010 ).
Very recently a study exploring the utilization of waste cyanobacterial biomass of Nostoc linckia from a lab-scale hydrogen fermentor for the biosorption of Cr(VI) from aqueous solution has been reported (Sharma et al. 2011) . The biomass immobilized in alginate beads was used for removal of the metal in batch mode optimizing the process conditions adopting response surface methodology (RSM). Kinetic studies were done to get useful information on the rate of chromium adsorption onto the cyanobacterial biomass, which was found to follow pseudo second-order model.
Experimental

Cyanobacterial mat
The cyanobacterial mat was obtained from a disposal site near tannery sludge in Jajmau tannery area in Kanpur. The Tannery effluent was of strongly acidic nature (pH 3-4) with TDS ranging from 850 to 1,000 and salinity toward 600-700 PPT. The mat contained three species of bacteria, i.e., Chlorella sp. Phormidium sp. and Oscillatoria sp. as identified by Dr R.D. Tripathi, Taxonomer, National Botanical Research Institute, Lucknow.
Reagents
Metal stock solution (1,000 ppm) was prepared by potassium dichromate salt of Merck AR grade and deionized water (DI). It was then diluted to required concentration 2-10, 15-30 and 300 ppm by DI. The standard calibration was also carried out.
Biosorption methodology
In this study, batch biosorption experiments were carried out in triplicates for determining the biosorption capacity of cyanobacterial mat under aerobic conditions. Before the biosorption experiments, the cyanobacterial mat was desorbed for 30 min in 0.1 N HCl. An acclimatization period of 30 min was given for every batch study. Aqueous chromium (VI) solution with initial concentrations (2-10, 15-30 and 300 ppm) was prepared and 40 ml of each solution was taken and the pH was maintained between 5.5 and 6.2 to which the weighed amount (1.5 gm) of wet cyanobacterial mat was poured. The batch was then kept at room temperature, samples were withdrawn at different time intervals from it for colorimetric determination of chromium (VI) by Thermo Hekios a model spectrophotometer and percentage reduction in chromium (VI) concentration was calculated.
Treatment of cyanobacterial mat with EDTA
A new set of biosorption study was set up by pretreatment of cyanobacterial mat. The cyanobacterial mat was treated with N/56 EDTA for 15 min. Biosorption study was carried out by treated mat to compare the results.
Estimation of chromium VI by DPC method
Principle
Diphenyl carbazide reagent combines with hexavalent chromium to form a complex which gives a beautiful pink/ magenta color in acidic medium as described in the ''Method'' (ISO Wq 1994). 
Method
All the samples were filtered first through common filter paper then by Whatman No. 42 and finally by membrane filter (Millipore, 0.45 lm). The pH of the filtrate was maintained between 1 and 1.3, and to this solution 1 ml of DPC solution was added and the solution was shaken, readings were taken after 10 min on spectrophotometer at the requisite wavelength 540 nm.
Scanning electron microscopy and EDX
The control and adsorbed samples of cyanobacterial mat of size 1 9 1 mm were used for SEM and EDX. Scanning electron micrographs were taken on FEI Quanta 200 and EDX was recorded on Genesis Spectrum Ver. 3.6 (EDAX Inc.).
Adsorption isotherm
The sorption data have been subjected to different sorption isotherms, namely the Freundlich and Langmuir. The data fitted well to Freundlich isotherm well. The Freundlich model stipulates that the ratio of solute adsorbed to the solute concentration is a function of the solution. The empirical model was shown to be consistent with exponential distribution of active centers characteristic of heterogeneous surfaces. The Freundlich adsorption isotherm was tested in the following linearized form: log Qe ¼ log Kf þ 1=n log Ce by plotting log Qe versus log Ce. Ce is the equilibrium concentration of metal ions and Qe is metal ion adsorbed per unit mass of adsorbent (mg/g). Both Kf and n are constants, being indicative of the extent of adsorption and the degree of non-linearity between solution and concentration, respectively. The result is represented in Tables 2  and 3 . From the slope and intercept of straight portion of the plot, the values of Freundlich parameters, i.e., 1/n and Kf are computed, the adsorption isotherm experimental data obtained was fitted to Freundlich isotherm. The magnitude of Kf and n shows easy separation of heavy metal ions from wastewater and high adsorption capacity. The value of n, which is related to the distribution of bonded ions on the sorbent surface, represents beneficial adsorption if it is between 1 and 10. The n value for the biosorbent used was found (Kadirvelu and Namasivayam 2000) to be [1, indicating that adsorption is favorable. Tables 2 and 3 give the isotherm parameters for Freundlich isotherms. From linear correlation coefficients of the adsorption isotherm, it can be said that sorption data is obeyed well, which is indicative that multilayer sorption takes place on the surface of cyanobacterial mat.
Results and discussion
In recent years, there has been an increasing research interest in microorganisms that are able to transform the highly toxic and water-soluble chromium (VI) to the less toxic and insoluble chromium (III) or remove chromium (VI) by adsorption. Considering the versatility of cyanobacteria and their ability to survive under diverse environmental condition, strains originating from different habitats must be studied with respect to their applicability (Hameed and Hasnain 2005) . Many microorganisms are known to reduce chromium (VI) to chromium (III). Mats sequester or precipitate metals by surface adsorption or by conditioning the surrounding chemical environment, thus bio concentrating the metal in a small volume.
Cyanobacteria are the member of morphologically diverse group of prokaryotes. The oxygenic photosynthetic pathway adopted by such prokaryote is the presence of two photosystems (PSII and PSI), and the use of H 2 O as the photoreductant in photosynthesis (Tamagnini et al. 2002; Boone et al. 2001 ) is well known. Mats display wide variety of mechanisms for removal of metals and metalloids. These mechanisms take place at the cellular level of the constituent microorganism and at the community level of entire consortium.
The biosorption experiments were carried out in batches with standard chromium concentration (2-10, 15-30 and 300 ppm) and pH of 5.5-6.2. The percentage of reduction in the chromium (VI) concentration by cyanobacterial mat at different time periods are shown in Table 1 . A totally new phenomenon was observed in the present case. The substantial biosorption that occurred at initial pH 5.5-6.2, could be attributed to the fact that the mat itself was releasing H
? during the process and thus the pH had been observed to have lowered with time duration.
In this study, the pathway adapted for biosorption by the cyanobacterial mat seems to be chromate reduction. The probable mechanism of reduction could be envisaged as following: (1) the participation of photosynthesis by the Chlorella taking place in the upper cyanobacteria stratum which provided a continuous supply of electron for the chromium (VI) to (III) reduction process, (2) the consortium was able to partially adsorb chromium as well as to partially reduce chromium (VI) to chromium (III), and (3) at very high chromium (VI) concentration (300 ppm) the mat showed very efficient removal. This indicated that chromium (VI) was first getting adsorbed and then the adsorbed metal species were getting reduced by the bioreductant released by the mat.
In most of the cases the mat showed 100 % chromium (VI) removal in overnight, except in the cases of 4 and 6 ppm, where it showed total chromium (VI) removal in 90 and 210 min, respectively. In other cases adsorption of this metal ion was above 90 %, i.e., 91.45, 96.85 and 95.16 % for 2, 8 and 10 ppm, respectively. The short-term uptake of chromate (biosorption) was concentration dependent and the data were found to conform to the Freundlich adsorption isotherm as shown in Tables 2, 3. Another set of chromium biosorption with higher concentration of chromium, i.e., 15, 20, 25 and 30 ppm was also carried out as shown in (Fig. 1) .
In this set an average removal of chromium (VI) has been observed except in the case of 15 ppm where the removal was 94.76 % in 210 min. However, after overnight the mat showed 100 % chromium (VI) removal in every batch. It was observed that best adsorption among the lower concentration range was at 6 ppm while for higher concentration good adsorption was observed at 25 ppm. This could be attributed to low acclimatization for higher concentration of chromium (VI) ion for the mat.
In another study, cyanobacterial mat was treated with EDTA to check the effect of treatment on metal removal by the mat. The mat was suspended in EDTA to increase cellular apertures so that cell surface could be increased. These experiments were carried out with 2 and 10 ppm standard dichromate solution. EDTA treatment did not show any positive effect on the removal/reduction of This bacterial consortium was also tested against 300 ppm of chromium (VI) concentration and it showed efficient removal of chromium by 1.5 g of the mat. This indicates that surface area is not a limiting factor and both biosorption and bioreduction are occurring simultaneously.
Scanning electron micrograph, shown in Figs. 2 and 3, respectively, explains the morphology of mat before and after biosorption.
It was found to be a well-established mat containing Oscillotoria sp., Phormidium sp. and Chlorella sp. The entire network was a mesh containing Chlorella sp. on upper surface of the mat, while Oscillotoria sp. and Phormidium occupied the lower side. The cyanobacterial physiology did not get affected by the presence of high concentrations of chromium possibly due to the fact that the mat surface could be highly negatively charged due to the hydrolysis of the surface polysaccharides causing more number of hydroxyl ions to be present on the mat surface. The charges would be possibly distributed along the filamentous cyanobacteria which would have provided an enormous surface area for binding of positively charged chromium ions. Thus, it was the ability of the entire mat surface which would be eventually responsible for higher sequestering of chromium (VI) ion.
The actual mechanism of the initial chromium (VI) reduction by the mat is not known. Chromate reductase has been identified in other microbial groups which demonstrate both aerobic and anaerobic reduction of chromium (VI) as demonstrated by Tamagnini et al. (2002) and Castenzholz et al. (2001) . However, the presence of chromate reductase has not been investigated in the cyanobacterial mat.
FT-IR spectra of the mat after chromium (VI) biosorption showed four apparent changes of the functional groups on the biomass. (1) The enhancement of the intensity at the region 3,200-3,500 cm -1 indicates an increase of the free hydroxyl group on the biomass (Fig. 4) . This could be due to hydrolysis of some polysaccharides on the cell wall to shorter saccharides such as oligosaccharides, dioses and monoses under acidic condition as observed (Lin et al. 2005) . (2) The weakening of the peak at 1,470-1,450 cm -1 , which was typical of the complexation of the carboxylate functional group by coordination with chromium (III) metal formed from bioreduction of chromium (VI). (3) The third change was the shift of the peak at 1034-1028 cm -1 , which could be due to the involvement of the C-O bond of polysaccharides in chromium (III) biosorption. (4) The last change was the presence of a new peak at around 940 cm -1 in the chromium (VI)-treated biomass, and it could be attributed to the presence of chromium (VI)-O bond as suggested (Holman et al. 1999) .
During the metal remediation study it was also observed that the mat secreted purple colored dye identified as phycoerythrin by UV-Visible spectrum having a peak at 550 nm. It is known that Phormidium possess phycocyanin such as phycoerythrin. Phormidium sp. cells containing phycoerythrin has been reported to show a single absorption peak at 565 nm in the visible wavelength region (Haxo 1960) .
The EDX data of mat and biosorbed mat shown in Figs. 5 and 6 respectively clearly showed the enhancement of chromium content in the biosorbed mat. The mat initially contained 29.68 % of chromium along with other metal ions as it was collected from effluent disposal site and the mat after biosorption contained 47.25 %. A net increase of 17.57 % in chromium content was observed.
Based on the results, it is reasonable to conclude that the mechanism involved in the removal of chromium (VI) by cyanobacteria mat was found to biosorption-bioreduction. The sequence of reaction that may be occurring is probably (1) the protons released by the mat (from the photosynthetic pathway of Chlorella) would be creating protonated sites on the mat for biosorption of chromium (VI), (2) bioreduction of chromium (VI) to chromium (III), the chromium (VI) adsorbed on the biomass surface was bioreduced to chromium (III) by the reductant on the biomass such as polysaccharides and the electrons generated during the photosynthesis carried out by Chlorella. Phormidium and the other microbes produce hydrogen sulfide that leads to anoxic conditions. It has been observed that elemental sulfur (showed positive test for sulfate ion) was deposited which seems to have come from anaerobic environments Fig. 4 FT-IR with abundant hydrogen sulfide produced by Phormidium and in the presence of light, Oscillatoria are known to undergo an oxygenic photosynthesis to excrete elemental sulfur rather than oxygen gas. Thus, the entire consortium was found to be participated in the biosorption process.
Conclusions
Although cyanobacterial mats occur in nature as stratified communities of cyanobacteria and some other bacteria, but they can be cultured on large scale and used for bioremediation. This study is an example of bioremediation where a cyanobacterial mat is used in form of biological treatment to clean up chromium (VI) contaminant in surface water at pH 5.5-6.2 for both low and high levels of contamination. Moreover, it offers permanent in situ remediation rather than simply moving the pollution to other site. One of the important facts about this study was, due to possible release of acid by the mat during the biosorption, the process could easily be carried out at higher initial pH 5.5-6.2. Thus, the cyanobacterial mat, which is genetically and ecologically modified species, seems to be potential savior for the chromium (VI) pollution caused by the tannery industry.
